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Motivation
• Detection and imaging of neutrons

• Fast neutrons:

-Low natural backgrounds

-Ability to penetrate shielding materials

Alpha ray

Beta ray

Gamma ray

Neutron

J

I

•

• Special nuclear material detection

J. Nuclear waste handling
Fundamental particle physics

• Astronomy

 • ".7

• Desirable:
compact imager, easy to transport and deploy, with a high efficiency.

Traditional neutron scatter cameras
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Detector description
• 64 5x5x20 mm bars of EJ-204 scintillator,

wrapped in Teflon tape
• Two SensL J-series 6x6 mm silicon

photomultiplier (SiPM) arrays
• Customized DAR, which uses 32 IRS3d ASICs,

developed at UH

Si

EJ-204 wrapped in
Teflon

Lattice support for 64
bars

SiPM array support

Lattice support spacer
around threaded rod

Adapter card

IRS PARAMETERS

Parameter Table Column Head
Channels 8

Sampling cells 128
Storage depth 32,786
Digitization on-chip Wilkilson
Quantization 12(9)-bits logged (effective)

Dynamic range r., 2 V
Typical noise ,,-, 1 mVRms
Sampling rate 1-4 GSa/s
Buffer time (8-32)ps

Conversion time >2/is

r Board

rim")
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Double-scatter neutrons image reconstruction concept
Recoiling proton

with Ep

cone
axis Incoming

neutron
with En

(xo,yo,zo,to)

scat
neutron
with En.

dio and tio: distance and time
between the first two scatters

E ?et — En/ + E»
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En, = —Trinv2 = —m 2
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Single bar characterization
A1, A ...eAL16kAk

v V V V I."-

z ti — t2 or z log(Ai/A2)

t —Ft2 
2

(--) ALA2

t2- Considered scintillators:
Scintillator LH (ns) A (cm —i) N, (MeV— )

EJ-200 13,1 380 10,000 —
EJ-204 0.7 160 10,400
EJ-208 1 0 400 9,200
EJ-230 0.5 120 9,700
EJ-232 0.35 8,400
EJ-260 350 9,200
EJ-262 250 8,700
EJ-276 8,600
EJ-276G 8,000

Two independent experimental setups performed characterization of
the test bars:
• 5x5x190 mm3 of test scintillator bars
• Test bar coupled to two SensL J-series EA mm2 SiPM, biased at

+30 V
• Data acquired with three DR54 Eval board, calibrated at 5.12 GHz

sampling.

ND (MeV-

4,905 11
7 5,084

4,378
4,557
3,679
3,470
3,548
4,203
2,991

scintillator candidates from Elijen Technology

Considered surface reflectivities:
• Enhanced Specular Reflector(ESR)
• PTFE (Teflon) tape
• no surface treatment with only total

internal reflection
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Setup with 22Na source

SensL J-series SiPMs readout

• back to back 511 keV annihilation gammas emitted from a 22Na source.
• Trigger system: 5x5x5 mm2 stilbene crystal, wrapped in Teflon coupled with a single SensL J-series EA mm2 SiPM.
• Trigger moves along the test bar
• MBE events acquired per source position
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Setup with 9°S r source
0.11111111MAPr—diailli-

Lead collimator
w/90Sr source on

movable stage

itt11
11M1111111\

Sensl J-series

SMA evaluation

e boards

• 90 Sr source (betta-
emitting)

• Lead collimator limits the
betas position under 2 mm,
mounted on a scan.

• The system triggers itself
on a coincident signal
threshold of 7 mV

• 4000 interactions per
source position
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Single bar characterization results

Scintillator ot Cps)
ifr. - MITI Cr E/7E(7)-;)

Na Sr Na Cs

EJ-200, bare 155±2 13.35 14.27 16.7 14.1
Teflon 154±3 10.29 7.65 14.5 15.8
ESR 145±3 11.14 12.09 16.6 12.2

EJ-204, bare 136±3 10.08 10.67 15.7 14.7
Mr Teflon 142±2 8.06 6.54 13.1 14.3

ESR 125±3 8.59 9.64 17.6 12.2

EJ-230, bare 141±3 9.61 8.86 17.8 15.0
Teflon 142±2 8.39 6.32 22.6 13,9
ESR 156±3 10.17 8.52 23.4 13.0

EJ-276, bare 183±5 12.13 13.51 17.8 l 14.1
Teflon 171±2 9.29 9.54 16.5 14.1
ESR 177±4 ill1165 10.45 15.0 11.3

Syst. error ±7 = .73 ±0.42 ±3.5 -

-10

_LT

• Agreement between both experimental setups,
despite the difference in the configurations.

• The time variable is more robust than the variable of
amplitude.

• EJ-204 was selected over EJ-230 given the lowest
detection threshold, desirable for fission spectrum.

• Threshold of -30 ke Vee expected

123,0 i2307p3o 71-276 g 2 76 k2;/6 (eSi
n i2,906-1 ()1-2190 r 2a1 (8, -194 (eSR) (8e1-€9 etkvo SR) 'ire) N
(Aire). erdrotpiti roto
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Achievements and challenges in the current array

• Full array assembled

The optically segmented single-volume scatter camera
prototype

• Full electronic system testing is underway

• Crosstalk found in the signals

5 80
_c

Waveform signal 60

with crosstalk:
40

20

rA 

 J

Pixels illuminated by cosmic muons in one SiPM of
the detector

3

4

MENNEN.
MENNEN.
MENNEN.

•
1 2 3 4 5 6 7 8

Crosstalk correlation among the SiPM pixels, the red pixel corresponds to the channel illuminated by a laser, the color
represents the amplitude of the crosstalk.
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Alternative carried out tE
Alternative array, consistent with the prototype

(0.5 x 0.5 x 19 cm3, EJ-204 wrapped with Teflon, two

readout SensL J-series GA mm2, DRS4 daisy chain), filled
with four bars placed as follows:

Bar Assignment (L)

B1 B2

B3

B4

• B1 as target for neutron scatters

• B2, B3, and B4 set as targets for the second neutron scatter.

• Trigger condition: pulse of at least one bar end over

threshold, between bars 1&2 or 1&3 or 1&4

• Threshold: 5mV

Alternative array

in order to avoid most of the electronic crosstalk

detected in the full array. Lead bricks

AmBe source

Pl

• The alternative array

was placed inside a

lead shield to avOld

gammas. 1
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Bar Assignment (L)

B1 B2

B3

B4

• average time difference between bars 1 a 2

= Prelimina ry
{1-

Results of neutron double-scatters, using the AmBe
SOLIPCB

htemp
Entries 4246

Mean —0.009528

Std Dev 0.9178

x2/ndf 21.32 / 33

Constant 20.33 ± 1.15

Mean 1.23 ± 0.16

Sigma 1.061± 0.124

0 2 4 6
(AvT2-AvT1) (ns)

Min distance:
Narl-Bar21=3.1E5 cm
AV-2.57 cm/ns
Max distance:

August ikrNO=3.319 cm
AV-2.898 cm/ns

• average time difference between bars 1 a 3

htemp
Entries 4796

Mean 0.3759

Std Dev 0.8765

x2 / nelt 37.62 / 32

Constant 35.2 ± 1.6

Mean 1.326 ± 0.086

Sigma 0.8561 ± 0.0695

4 6
(AvT3-3.275—AvT1) (ns)

Min distance:
Narl-Bar31=2.83 cm
AV-2.I34 cm/ns
Max distance:

XBari-BklealMm
AV-2.2839 cm/ns

• average time difference between bars 1 a 4

s 103

10

htemp
Entries 5723

Mean 0.2216

Std Dev 0.6869
g~lndf 20.9 / 16

Constant 23.51± 1.70
Mean 1.631± 0.068

Sigma 0.5649 ± 0.0707

2 4 6
(AvT4-3.275-AvT1 (ns

Min distance:
Narl-Bar41-2.282 cm
AV—I.399 cm/ns
Max distance:

IXBad-B,41=2.49Icm
AV—I.527 cm/ns



Test ba simulations• SiPM simulations using Monte-Carlo based on GosSill framework, which provides a detailed model of the SiPM response
• Light source. Information needed from photons arriving at the SiPM area in each SimEvent:

•Position x,y
Az position (sensitive volume name)
Atime
Awavelength (Energy)

• Data acquisition. Simple simulation of the basic characterization measurements.
• sin' noromoforc rlicfnmi7orl Tko cinnol rkorno ond fko Iniollofnrm oro cimilloforl fnr onprifiorl noromofory

Data of an EJ21:14 bar wrapped with Teflon, 157Cs source at 2 cm from
the center:

35

30

25

20

15

10

Real Data
htemp

Entries 1570

Mean 42.7

Std Day 9.038

;(2 f mit 51.42 / 41

Constant 29.45 ± 1.31

Mean 49.28 ± 0.34

Sigma 5.378 ± 0.249

o  Ifni 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
25 30 35 40 45 50 55 60 65
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Simulation of an EJ21:14 bar wrapped with Teflon, 157Cs source at 2 cm
from the center(GEANT4 + GosSiP):

Simulated data

30

25

20

15

10
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htemp
Entries

Mean

1485

44i 4

Std Dev lcias
X2 / ndf 47.16/35

Constant 24.64 ± 1.31

Mean 53.5 ± 0.6

Sigma 5.441 ± 0.429

i 1 i i i i 1 i i i i 1 i i i i 1 i i i i 1 i i i i 1 i i i i 1 i i i i
30 35 40 45 50 55 60 65 70

TMath::Sqrt(rnaxO`rnax1)
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Simulation and real data for muons
Preparing the detection/calibration using muons, with simulations and real data

. Real data
Muons detected in one side of the array, using the IRS311

•
Pixels illuminated when passed a threshold

OD -A LY1 (A) N.)
2

3

4

5

6

7

9

MENNEN
MM.
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.

.

.

Simulated data
Full detector array programed in Geant4
Cosmic muons generated using CORSO, randomly distributed on the
top of the array
Photons detected in the SiPMs volumes
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Simulated
waveforms

A (CM)
positionX

1 , E
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Real data
• 4 bars of the full detector
• acquisition with 2 ORS4 daisy

chain
• Amplitude histograms:

8 los

10

1 =

10

I I I

100

Simulation and real data for mon'

Data from far bars 1, 2, 3 & 4.
Or condition on any end of bars 1
or 3.

ntemp
Entries 5000

Mean 32.6

Std Dev 38.97

el ndf 21.31 / 31

Constant 430.5 ± 26.2

MPV 96.68 ± 1.16

Sigma 8.182 ± 0.457

200 300 400 ~00
 (mv)

Bar 3
htemp

50
I I I

100 150

Entries 5000
Mean 34.11
Std Dev 41.37
e/ndf 48.75 / 40
Constant 368.3 ± 21.0
MPV 96.55 ± 1.30
Sigma 9.077 ± 0.472

I I I I I I

200 250 300 350 400
Afek, (mV)

I I

100

htemp

Entries 5000

Mean 22.79

Std Dev 36.09

7C2 / ndf 27.3 /31
Constant 281.4 ± 18.6
MPV 91.78 ± 1.19
Sigma 10.42 ± 0.61

I I I

200 300 400 50Q
VAIA2 (mV)

Bar 4

ioa

Setup for muons
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htemp
Entries 5000
Mean 18.65
Std Dev 37.78
x2 / ndf 48.78 / 44
Constant 172.3 ± 14.6
MPV 98.15 ± 1.35
Sigma 12.35 ± 0.93

200 250 300 350 400 450 
VAA2 (m

500

Simulations
• Histogram of the most probable value for the 64 bars
• simulations of 5000 vertical incident muons

0
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Most probable value, for 64 bars - atmosphenc muons
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htemp
Entries 64

Mean 804.2

Std Dev 14.78

x.2/ ndf 8.049112

Constant 8.952 ± 1.765

Mean 802.4 ± 1.7

Sigma 11.6 ± 2.0

760 780 800 820 840 860
MPV (keV)



Conclusions
• Optical coupling, trigger conditions, covering and optical quality of bars all

affect amplitude (Az E. AE) and must be controlled and calibrated.
• Time measurements are more robust against systematics than amplitude
• We can achieve 1%j 1cm spatial resolution
• We're able to see neutron double scatter events
• Muons and neutron simulations undergoing, including waveforms.
• Directional resolution soon to be measured.
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